Composite tumor of pheochromocytoma and neuroblastoma, or ganglioneuroma, or ganglioneuroblastoma (composite pheochromocytoma), also known as mixed neuroendocrine and neural tumor, are sometimes combined with neurofibromatosis type 1 (NF1). To better understand the relationship between NF1 and composite pheochromocytoma, an immunohistochemical study using anti-neurofibromin that is an NF1 gene product and DNA sequence of NF1 Exon 31 were carried out in five cases of composite pheochromocytoma and in various tumors from five patients with NF1. Neurofibromin was not expressed in Schwann cells and sustentacular cells of composite pheochromocytomas and was very weakly or negatively expressed in neurofibroma of NF1 patients. However, it was strongly expressed in ganglionic cells and pheochromocytoma cells of the composite pheochromocytomas and also in mucosal ganglioneuromas, a gangliocytic paraganglioma, and in pheochromocytomas from the patients with NF1. Although there was no mutation in NF1 Exon 31, it could not be ruled out that there were mutations in other sites of the NF1 gene. Neurofibromin insufficiency may induce abnormal proliferation of Schwann cells in composite pheochromocytomas as well as in neurofibromatosis.
A composite tumor of pheochromocytoma and ganglioneuroblastoma (GNB) or ganglioneuroma (GN) or neuroblastoma is a rare tumor of the adrenal medulla or retroperitoneum. This tumor is classified as composite pheochromocytoma in the World Health Organization tumor classification (1) . It has been previously reported that this peculiar tumor is sometimes combined with von Recklinghausen's disease (NF1; 2-5). The NF1 is transmitted by autosomal-dominant inheritance, apparently via a single loss-of-function allele of the gene designated NF1 (6) . The NF1 gene product, neurofibromin, contains a region homologous to that corresponding to mammalian RasGTPase activating proteins that function as negative regulators of Ras by accelerating the conversion of Ras-GTP to Ras-GDP. The NF1 gene appears to function as a tumor suppressor gene (7) . Tumors occurring in patients with NF1 often show the loss of remaining wild-type allele of the functionally defective neurofibromin (6, 8) . The predicted amino acid sequences of the human and mouse neurofibromin proteins are 98% identical, and there also is significant similarity in the 3' noncoding region of the mRNAs (9) . To study NF1 gene function, Jacks et al. (10) have constructed a mouse strain carrying a knockout mutation of Nf1, the murine counterpart of human NF1. Homozygous inheritance of the mutation is lethal during development. However, heterozygous animals with a mutant allele neo gene inserted into Exon 31 of Nf1 (Nf1 n31 ) survive into adult life and are highly predisposed to the formation of various tumor types, notably pheochromocytoma, and myeloid leukemia, both of which occur with increased frequency in human NF1 patients. The pheochromocytomas in-duced in the Nf1 n31 mouse exhibited variable morphology, and some of them also resembled human pheochromocytoma with small areas of ganglioneuromatous differentiation (11) . Those cells in primary cultures typically show extensive spontaneous neuronal differentiation (12) . Although those investigators did not use the term composite pheochromocytoma for the induced tumors by Nf1 n31 , their reports encouraged us to determine whether there is an NF1 exon 31 gene mutation in composite pheochromocytoma in humans. We also immunohistochemically investigated neurofibromin, which is a NF1-GAPrelated protein (NF1GRP) in composite pheochromocytoma, and compared neurofibromin expression in various tumors from five patients with NF1.
MATERIALS AND METHODS

Composite Pheochromocytoma
Five cases of the composite pheochromocytoma were excised and fixed in 10% of formalin and embedded in paraffin. Of these five, three cases were from the Tohoku University Hospital and the others were supplied by Dr. S. Sasou (the Iwate Medical School, Morioka, Japan) and Dr. Y. Taiki (the Sakashita hospital, Aichi, Japan). One of the five patients had cutaneous neurofibromatosis as a sign of NF1 (Case 1). The other patients had no signs of NF1. One of the neurofibromas of the skin of Case 1 and two ordinary pheochromocytomas without NF1 were submitted as controls for gene analysis of NF1 Exon 31. Clinicopathological data of the patients are summarized in Table 1 . Some data from these patients have previously been reported (13, 14) . All patients with composite pheochromocytoma are well without recurrence or metastasis after operation.
Tumors Associated with NF1
Various tumors of the five patients with NF1 were obtained from the Department of Pathology, Shonai hospital, Yamagata, Japan. Clinicopathological data are summarized in Table 2 . Histologic diagnosis was carried out with ordinary hematoxylin-eosin stain and with immunohistochemical staining of chromogranin A.
DNA Isolation and PCR Amplification of NF1 Exon 31 in Composite Pheochromocytomas
DNA was extracted by a mixture of phenol and chloroform from the paraffin sections of the tumors fixed in 10% buffered formalin. PCR amplification and gene sequencing of NF1 exon 31 were carried out as described elsewhere (15) , with a slight modification. Briefly, DNAs were amplified by PCR using primers flanking exon 31 of the NF1 gene, using the PCR primer pair 5'-CATTGACCATCACATG-CTAATAGTG3' and the reverse primer 5'-TGAG-CAAACTCAATACCTGCCCAAG-3'. The buffer and nucleotide components were as follows: each amplification reaction (25 L) included 0.5 g of genomic DNA, 200 M of each dNTP, 25 pM of each primer, 0.625 units of Taq DNA polymerase, 10ϫ PCR buffer, and distilled water. Each reaction mixture was predenatured for 4 minutes at 94°C and then subjected to 40 cycles of PCR (denaturation at 94°C for 1 minutes, primer annealing at 65°C for 2 minutes, and elongation at 72°C for 2 minutes). The final cycle was followed by an 8-min extension at 72°C. The size of the amplified productivity was 248 bp. After amplification, a 5-L aliquot from each reaction was subjected to electrophoresis on nondenaturing 3% agarose gels and visualized with ethidium bromide.
Restriction enzyme digestion of PCR product was performed by incubating 10 L of PCR product, 4 L of buffer, and 1 L of MaeIII enzyme at 55°C for 1.5 hours. Restriction enzyme digests were subjected to electrophoresis on nondenaturing 8% polyacrylamide gels and visualized with ethidium bromide (Fig. 1 ).
Direct Sequencing
For direct sequencing, Thermo Sequenase dye terminator cycle-sequencing premix kit, version 2 (Amersham) was used. The mixture (20 L) was composed of reagent mix A (2 L), reagent mix B (2 L), template (0.2-2.0 g; variable), primer (1 L; each, 5 pM), and variable distilled water.
Each reaction mixture was predenatured for 3 minutes at 96°C and then subjected to 25 cycles of PCR (denaturation at 96°C for 30 seconds, primer annealing at 50°C for 15 seconds, and elongation at 60°C for 4 minutes). After amplification, PCR products were purified with Sephadex G-50 column (Pharmacia) and kept frozen. The products were separated on sequence gel (6% polyacrylamide gel, 8 M urea, 1ϫ TBE) and sequenced using ABI 373A sequencer (PE Biosystem, Urayasu, Japan). Sequencing was done in both forward and reverse directions with both strands of DNA. Because we did not have a positive control for a known mutation in Exon 31, we could not add a positive control.
Immunohistochemistry
Immunohistochemical study was performed using the Simple Stain Max kit (Nichirei, Tokyo, Japan), which is an enhancement method using peroxidase-conjugated amino acid polymer. The immunohistochemical procedure was as follows: after dewaxing the paraffin sections, the primary antibody was put on the sections at 4°C overnight and then washed three times with PBS. The sections were incubated into 10% H 2 O 2 solution to block the endogenous peroxidase. After washing with PBS, the sections were incubated in a second antibody labeled with amino acid polymer conjugated with peroxidase at 4°C for 60 minutes. Immunoreactive products were visualized with a diaminobenzidine substrate.
The antibody for Nf1 gene-related peptide (neurofibromin) is an affinity-purified rabbit polyclonal antibody (1:150) raised against a peptide corresponding to residues 2798 to 2818 of the predicted NF1 gene product (Santa Cruz, CA). The specificity of this antibody was reported previously (16) . To identify Schwann cells, serial sections were stained with S100 protein (S100p) antibody (1:1000, DAKO), which is an antibody known to detect Schwann cells (17, 18) . For control study, normal rabbit serum was applied instead of the antibody of neurofibromin or S100p. For identifying pheochromocytoma, antibody for chromogranin A (1:1000, DAKO) was used.
RESULTS
For positive control, leukocytes in the blood vessels were always strongly positive as internal control for neurofibromin. Neurofibromin was detected in normal tissues such as epidermis, sweat gland, and hair follicle of the skin; ducts of the salivary gland; endothelial cells of vascular walls; striated muscles; and distal tubules of the kidney.
Composite Pheochromocytoma:
One tumor associated with NF1 showed weak staining for neurofibromin in ganglionic cells and pheochromocytoma cells and was negative for Schwann cells among nerve bundles. The other tumors without NF1 exhibited moderate to strong staining of neurofibromin in ganglionic and pheochromocytoma cells, but not in Schwann cells (Fig.  2) . On the contrary, S100p was strongly detected in nerve bundles including Schwann cells and sustentacular cells; however, both types of tumor cells of ganglionic cells and pheochromocytoma cells were almost negative, except some cells that were sporadically positive for S100p (Fig. 3) .
Tumor-Associated NF1 Patients
Pheochromocytoma in Case 1 showed focally thick nerve bundles in pheochromocytoma; however, its histology was not satisfactory for diagnosis as composite pheochromocytoma. Thus, we just called this pheochromocytoma. Neurofibromin immunoreactivity was strongly expressed in pheochromocytoma cells but was negative or very weak in sustentacular cells or in nerve bundles (Fig. 4) . S100p immunoreactivity was evident in sustentacular cells and nerve bundles but not in most pheochromocytoma cells, with some cells showing weakly positive staining (Fig. 5) .
In mucosal GN, immunoreactivity for neurofibromin was strongly demonstrated in ganglionic cells, but not (or very weakly) in the Schwann cells of the nerve bundles (Fig. 6) . On the contrary, S100p immunoreactivity was strongly positive in the Schwann cells of nerve bundles, but not in the ganglionic cells.
Gangliocytic paraganglioma in Case 5 showed weak immunoreactivity for neurofibromin in paraganglioma-like tumor cells and also in ganglionic tumor cells. Only the Schwann cells of the nerve bundles were positive for S100p, but not the other types of tumor cells.
Tumor cells of neurofibroma in cases with NF1, including a case of composite pheochromocytoma, showed almost negative or very weak immunoreactivity to neurofibromin (Fig. 7) .
The results of the immunohistochemical study are summarized in Table 3 .
The DNA sequence in the extracted, amplified, and digested DNA from the tumors of composite pheochromocytoma and GN/GNB was as follows:
GTATTGAATTGAAACACCTTTGTTTGGAATACA-TGACTCCATGGCTGT CA 50 FIGURE 3. Same tumor as in Figure 2 . Marked S100p immunoreactivity is observed in nerve bundles including Schwann cells; however, both gangliocytic cells and pheochromocytoma cells are completely negative for S100p (slightly counterstained with hematoxylin). Figure 4 . S100p immunoreactivity is evident in sustentacular cells and nerve bundles, but not in pheochromocytoma cells (slightly counterstained with hematoxylin). This sequence was the same as that of the wild-type NF1 Exon 31, and there was no point mutation.
FIGURE 5. Same tumor as in
DISCUSSION
The risk of pheochromocytoma in patients with NF1 is in 0.1 to 5.7% (19, 20) ; however, 23% of composite pheochromocytomas reported to be associated with NF1 (3). Bilateral classic pheochromocytomas are rare in patients with NF1, and Chetty et al. (4) suggested that bilateral composite pheochromocytomas are an extension of this association. Patients with NF1-associated pheochromocytoma have been reported to show a loss of the wild-type allele of NF1 gene (8, 21) . Loss of gene expression by reverse-transcribed polymerase chain reaction (RT-PCR) and the immunohistochemistry in sporadic pheochromocytomas without NF1 was also reported (22) .
The NF1 gene is a tumor suppressor gene mapping to chromosome 17q11.2. Because of the large gene size (11 kb of coding sequence extending over 300 kb of genomic DNA, including 60 exons), extensive analysis of mutation has been difficult, and in only about 15% of patients are mutations identified (19) . Several point mutations have been found in Exon 31 in NF1 patients (23) . Brannan et al. (24) constructed a Nf1 mutant mouse with insertion of cassette in the opposite transcriptional orientation into Exon 31 of an NF1 genomic fragment. Homozygous mutant NF1 mice that died in utero showed cardiac anomalies and hyperplasia of the sympathetic ganglia. Jacks et al. (10) constructed a similar targeted mutation and reported various tumors that are evident in human NF1 patients including pheochromocytoma and the strongest evidence to date that Nf1 acts as a classical tumor suppressor gene. Neurofibromin is a highly conserved protein throughout evolution: mouse neurofibromin is over 98% identical with the human protein (9) . Thus, neurofibromin is thought to be an important for tumorigenesis and tumor progression.
Neurofibromin-deficient Schwann cells have tumorigenic potential in vitro (25) ; however, NF1 heterozygous mutant mice had no neurofibromatosis (10, 24) . All tumor cell lines from heterozygous mice expressed neurofibromin at much lower levels than PC12 cells (12) . It has not been revealed whether tumor cells from such heterozygous mutant mice Neurofibromin negatively regulates neurotropin signaling through p(21)ras in embryonic sensory nerve proliferation (26) . Some previous reports argued that loss of sustentacular cells induces proliferation of pheochromocytes and may develop into malignant pheochromocytoma (27) . In contrast, we suggest that loss of neurofibromin may induce abnormal proliferation of Schwann cells and also increase neurotropins and results in marked proliferation of pheochromocytoma cells. Finally, it develops to be a composite pheochromocytoma, not necessarily in all but in some of the cases with NF1. Further study is necessary to confirm this hypothesis.
